We study the weak interaction rates involving Goldstone bosons in the Color Flavor Locked (CFL) quark matter. Neutrino mean free path and the rate of energy loss due to neutrino emission in a thermal plasma of CFL pions and kaons is calculated. We find in addition to neutrino scattering off thermal mesons, novel Cherenkov like processes wherein mesons are either emitted or absorbed contribute to the neutrino opacity. The lack of Lorentz invariance in the medium and the loss of rotational invariance for processes involving mesons moving relative to the medium allow for novel processes such as π 0 → νν and e − π + → ν e . We explore and comment on various astrophysical implications of our finding.
I. INTRODUCTION
QCD at high baryon density is expected to be a color superconductor. For three massless flavors, a symmetric ground state called the Color Flavor Locked (CFL) phase, in which BCS like pairing involves all nine quarks, is favored [1] . This, color superconducting, phase is characterized by a gap in the quark excitation spectrum. Model calculations indicate that the gap ∆ ∼ 100 MeV for a quark chemical potential µ ∼ 500 MeV [2, 3] . In this phase the SU(3) color × SU(3) L × SU(3) R × U(1) B symmetry of QCD is broken down to the global diagonal SU(3) symmetry due to pairing between quarks at the Fermi surface. Gluons become massive by the Higgs mechanism. The lightest excitations in this phase are the nonet of pseudo-Goldstone bosons transforming under the unbroken, global diagonal SU (3) as an octet plus a singlet and a massless mode associated with the breaking of the global U(1) B symmetry (For a recent review see [4] ). The lack of quark particle-hole excitations in dense quark matter at temperatures less than the critical temperature for color superconductivity (T c ∼ 0.6∆) will affect the thermodynamic and transport properties of this phase. This can have important astrophysical implications if quark matter were to exist in the core of a neutron star. Several authors have recently explored some aspects of how color superconductivity will impact neutron star observables. These works have provided insight on role of color superconductivity on the phase transition density, the nature of the interface between nuclear matter and CFL matter [5] , its response to magnetic fields [6] , and the thermal evolution of both young and old neutron stars [7] [8] [9] . In this letter we calculate the weak interaction rate for neutrino production and neutrino scattering in the CFL phase and contrast it with earlier estimates of similar rates in normal quark matter.
Neutrinos play a central role in the early and late time thermal evolution of the inner core of the neutron star. Weak interaction rates in the superconducting phase is therefore essential to make connections between color superconductivity and observable aspects associated with neutron star thermal evolution. Neutron stars are born in the aftermath of a core collapse supernova explosion. The inner core of the newly born neutron star is characterized by a temperature T ∼ 30 MeV and a lepton fraction (lepton number/baryon number) Y L ∼ 0.3 implying µ e ≡ µ νe − µ Q ∼ µ νe ∼ 200 MeV. The high temperature and finite lepton chemical potentials are a consequence of neutrino trapping during gravitational collapse. The ensuing thermal evolution of the newly born neutron star, during which it emits neutrinos copiously, has generated much recent interest [10] . Several aspects of this early evolution can be probed directly since the neutrinos emitted during the first several tens of seconds can be detected in terrestrial detectors such as Super-Kamiokande and SNO.
This study is motivated by the prospect that were Color-Flavor-Locked quark matter to exist in the inner core at early times it would result in observable and discernible effects on the supernova neutrino emission.
We can expect significant differences in the weak interaction rates between the normal and the CFL phases since the latter is characterized by a large gap in the quark excitation spectrum. Thus, unlike in the normal phase where quark excitations near the Fermi surface provide the dominant contribution to the weak interaction rates, in the CFL phase, it is the dynamics of the low energy collective states-the flavor pseudo-Goldstone bosons that are relevant. As a first step towards understanding the thermal and transport properties of this phase of relevance to core collapse supernova studies, we identify and calculate the weak interaction rates for neutrino production and scattering. The letter is organized as follows:
In §2 we briefly describe the effective theory describing Goldstone bosons in the CFL phase;
In §3 we calculate the rate of neutrino reactions of interest; and in §4 we discuss how our findings might affect the early evolution of a newly born neutron star.
II. EFFECTIVE THEORY FOR GOLDSTONE BOSONS
There are several articles that describe in detail the effective theory for the Goldstone bosons in Color-Flavor-Locked quark matter [11] [12] [13] [14] [15] . We briefly review some aspects of the effective theory in this section. It is possible to parameterize the effective theory describing excitations about the SU(3) symmetric CFL ground state in terms of the two fields B = e iβ/f B and Σ = e 2i(π/fπ +η ′ /f A ) , representing the Goldstone bosons of broken baryon number β, and of broken chiral symmetry, the pseudo-scalar octet π, and the pseudo-Goldstone boson η ′ , arising from broken approximate U(1) A symmetry. Since our primary interest here is to calculate the charged and neutral current weak interactions we will ignore the β and η ′ fields and retain only the π fields describing pions and kaons in the CFL phase. Turning on nonzero quark masses, explicitly breaks chiral symmetry and induces a gap in the spectrum as the Goldstone bosons acquire a mass due to this explicit breaking of chiral symmetry.
In addition, dissimilar quark masses induce new stresses on the system, acting in a manner analogous to an applied flavor chemical potential and favoring meson condensation. This was recently pointed out by Bedaque and Schafer [16] . In this work we include the stress induced by the strange quark mass, but we will assume that it is not strong enough to result in the meson condensation 1 .
The leading terms in the effective Lagrangian describing the octet Goldstone boson field π is given by
The decay constant f π has been computed previously [12] and is proportional to the quark chemical potential. X L,R are the Bedaque-Schafer terms:
At asymptotic densities, where the instanton induced interactions are highly suppressed and the U(1) A symmetry is restored, the leading contributions to meson masses arise from the TrM Σ operator whose coefficient a has been computed and is given 1 If K 0 condensation occurs, as discussed in Ref. [16, 17] the ground state is reorganized and the excitation spectrum is modified. The weak interaction rates in this phase is currently under investigation and will be reported elsewhere.
by a = 3 ∆ 2 π 2 f 2 π [12, 15] . At densities of relevance to neutron stars the instanton interaction may become relevant. In this case a <qq > condensate is induced [13, 18] and consequently the meson mass term can receive a contribution from the operator TrMΣ. Its coefficient χ at low density is sensitive to the instanton size distribution and form factors. Current estimates indicate that the instanton contribution to K 0 mass can lie in the range 5 − 120
MeV [18] . In this article we will assume that the instanton contribution to the K 0 mass is ∼ 50 MeV (χ ∼ 15 MeV) at µ = 400 MeV and ∆ = 100 MeV. With this choice, the kaon mass is too large to allow for K 0 condensation. The meson masses are explicitly given by
To incorporate weak interactions, we gauge the Chiral Lagrangian in the usual way by replacing the covariant derivative by [19] 
The time component of ∇ µ includes the Bedaque-Schafer term as described above. The fields
whereas τ + and τ − are the isospin raising and lowering operators which incorporate Cabbibo mixing. The weak coupling constant is related to Fermi coupling constant via the standard relation
is a mass of the W gauge boson and the mass of
Weinberg angle. The last term is the modified electromagnetic coupling of mesons to the masslessÃ photon in the CFL phase, where the chargeẽ = e cos θ and θ is the mixing angle between the original photon and the eighth gluon [6] .
For momenta small compared to f π we can expand the nonlinear chiral Lagrangian to classify diagrams as the first order (proportional to f π ) and the second order (independent of f π ). The first order diagrams, involving two leptons and a meson are shown in the Fig.   1 . In Fig. 1 (a) the charged current decay of charged pions and kaons is shown. Fig. 1(b) shows the neutral current decay of π o → νν. In vacuum, the latter process is forbidden by angular momentum conservation. However, as we will show later, it is allowed for finite momentum pions in the CFL medium. Diagrams in the Fig. 1 The amplitudes for the leading order processes are given by
is the modified four-momentum of Goldstone boson and j µ W and j µ Z describe the charged leptonic current and neutral leptonic currents. θ C is the Cabbibo mixing angle. Note that the meson "four momenta" that appear in the matrix element do not correspond to the on shell four momenta of the mesons. This is because the covariant derivatives contains the in medium velocity and for the case of kaons, the energy shift arising from the Bedaque-Schafer term.
At next to leading order, the amplitude is independent of f π . The amplitude for the charged current process is given by
where the coupling coefficient C = sin θ C for π 0 K − , π 0 K + ; C = √ 2 sin θ C for π −K 0 , π + K 0 ; C = √ 2 cos θ C for K − K 0 , K +K 0 and C = 2 cos θ C for π − π 0 , π + π 0 . Neutrinos couple to the charged mesons via the neutral current. This leads to process such as the annihilation of π + π − → νν and K + K − → νν, whose amplitude is given by
where p 1 , p 2 are momenta of Goldstone bosons. It also gives rise to neutral current neutrinomeson scattering given by the amplitude
III. THERMODYNAMICS AND NEUTRINO RATES
The dispersion relations for the Goldstone modes in the CFL phase are unusual. They are easily computed by expanding the Lagrangian to second order in the meson fields and are given by satisfy:
where X = m 2 s /(2µ) for anti-kaons and X = −m 2 s /(2µ) for kaons.
We can define the neutrino mean free path for these processes as the neutrino velocity times the rate of emission of Cherenkov mesons. This is given by
where E ν is the initial neutrino energy, p φ is the meson momentum and p l is the final state lepton momentum. We label the final state lepton as l to account for the fact that it could be either a neutrino or an electron. The amplitude for this process was calculated earlier
and is proportional to f π . Since these processes do not have any mesons in the initial state they can occur at zero temperature and in our analysis the rate for the process depends on the neutrino energy and is independent of the temperature in so far as the meson masses and f π is independent of temperature. These processes occur only when the neutrino energy is above the threshold given by E th = m/ √ 1 − v 2 , where m is mass of the emitted meson and v its velocity.
Low energy neutrinos can absorb a thermal meson and scatter into either a final state neutrino by the process ν +π 0 → ν, or into a final state electron by the process ν e +π − → e − .
These processes are temperature dependent as they are proportional to the density of mesons in the initial state. As before, since the process involves only one meson the matrix element is of order f π . The mean free path due to these processes is easily computed using the
where f (E φ ) is the Bose distribution function for the initial state mesons.
In contrast to processes involving the emission or absorption on mesons by neutrinos, the usual scattering process involves the coupling of the neutrino current to two mesons. As noted earlier, the amplitude for these processes is suppressed by the factor p/f π where p is the meson momentum. However, in this case the kinematics is not restricted to involve only space like mesons. The neutrino mean free path for the scattering process is given by
The resulting neutrino mean free path for all three classes of processes discussed above is shown in Fig. 3 . The results are presented as a function of the ambient temperature.
We assume that the typical neutrino energy is determined by the local temperature and set E ν = πT since this corresponds to mean energy of neutrinos in thermal equilibrium.
Note that for the Cherenkov process there is no intrinsic temperature dependence and the these processes can also be an additional source of opacity. We have not included this in our study here since at these low temperatures the mean free path are typically larger than the neutron star radius. The total contribution to opacity of novel processes involving only one meson is also shown in the figure as a solid curve labelled ν 3B . As expected, at low temperature these processes dominate over the usual neutrino-meson neutral current scattering since their amplitude is proportional to f π . The total neutrino opacity due to 
B. Neutrino Emissivity
The charged current decay of charged kaons and pions, and the novel decay of the neutral pion to a neutrino anti-neutrino pair are the leading one body process contributing to neutrino emission. In vacuum, the amplitude for similar processes are proportional the lepton mass due to angular momentum conservation. However, as discussed earlier the dispersion relations for Goldstone modes violate Lorentz invariance and consequently we find that the decay of finite momentum pions and kaons is not suppressed by the the electron mass (note that decay into muons is highly suppressed because the meson mass and the temperature are less than the mass of the muon). This can be understood by noting that the Goldstone modes at finite density are collective excitations associated with deformations of the Fermi surface. In the rest frame of a meson that has finite momentum relative to the medium the Fermi Surface is not spherically symmetric. This breaks rotational invariance and angular momentum is no longer a good quantum number to describe the meson state. Consequently, the one body decay of the pions and kaons into massless lepton pairs is allowed.
The energy loss rate due to one body decays is computed using the standard formulȧ
where P , k 1 and k 2 are the four momenta of the meson, the neutrino and the charged lepton respectively. We neglect the electron mass in the describing the kinematics of these reaction because the typical momenta of the particle are large compared to it. Further, since the electron chemical potential we find is also small compared to the temperature we are justified in neglecting the final state Pauli-blocking factor for the electrons. This allows us to perform the integration over the final state lepton momenta using the identity
to obtain the following result for the rate of energy loss from one body decayṡ
where P = (E p , p) is the four momentum of the Goldstone boson and C = sin θ C for kaon decays, C = cos θ C for charged pion decays and C = √ 2 for the neutral current decay of the π 0 . The above processes can occur only when the meson four momentum is time like. Thus, only low momentum meson states (See Eq. (9)) can participate in the decay process. This accounts for the saturation of the one body decay contribution to the emissivity with increasing temperature seen in Fig. 4 . The higher momentum, space like states can participate in processes such as e ± φ ∓ → ν.
Processes involving two mesons in the initial state such as φ ± φ 0 → e ± ν and φ + φ − → νν are likely to become important with increasing temperature. This is because the Goldstone bosons are weakly interacting, the two particle amplitude is reduced by the factor p/f π compared to the one body amplitude, where p is the relative momenta of the two Goldstone bosons. This might indicate that two particle processes will be relevant only for high tem-
peratures of the order of f π . However, surprisingly, we find that the two body rates become comparable to the one body rate for T ∼ 10 MeV. This is because the meson dispersion relation becomes space like for momenta comparable to the meson mass. With increasing temperature the high momentum states get populated but are unable to decay via the one body process to lepton pairs because of kinematic restrictions. This is primary reason why we considered the two body processes 3 . In Fig. 4 , the rate of energy loss due to meson decay and two body reactions are shown. As discussed earlier, meson decay is the dominant reaction for T < ∼ 10 MeV. Reactions involving two particles in the initial state are also shown and become important at higher temperature. The purely leptonic process e + e − → νν is also shown in the figure and is interesting always smaller than the contribution arising from the mesons.
Other processes involving electrons in the initial state, such as e − φ + → νφ 0 could become important at low temperature where the electron density exceeds the meson density. We have ignored their contribution since this corresponds to T < ∼ 5 MeV where the one-body decay dominates. We also note when the temperature becomes comparable to the gap ∆ neutrino emission reactions involving quark quasi-particles can become important. In particular, quark Cooper pair breaking has been shown to be relevant when T ∼ ∆ [20] . We expect the rate of this process to small at T ∼ 30 MeV since it is suppressed by the factor exp (−2∆/T ). 
IV. CONCLUSIONS
We have shown that novel processes in which mesons are either emitted or absorbed from energetic neutrinos occur in the CFL plasma and contribute to neutrino opacity. Even at zero temperature, high energy neutrinos, with energy large compared to the meson masses but still smaller than the gap scale have short mean free path as they can Cherenkov radiate mesons. At finite temperature, with the exponential growth of the meson number densities the mean free path rapidly decreases. Reactions such as ν + π 0 → ν and ν e + π − → e − are the dominant source of opacity at low temperature. We find that the mean free path for thermal neutrinos at T = 10 MeV is of the order of 100 meters while at T = 5 MeV the mean free path is larger than 10 kilometers -the typical size of the neutron star. For T > ∼ 10
MeV, neutrino-meson scattering dominates the opacity and at T = 30 MeV we find the neutrino mean free path is only of the order of 1 meter. In the table below we compare the neutrino mean free path in CFL matter with those in nuclear matter and unpaired quark matter under similar conditions. To make these comparisons we employ earlier estimates of the neutrino mean free path in nuclear matter obtained by Reddy, Prakash and Lattimer [21] and in unpaired quark matter obtained by Iwamoto [22] . The quark chemical potential µ q = 400 MeV corresponds to a baryon density n B ∼ 5n 0 in quark matter, where n 0 = 0.16 fm −3 is the nuclear saturation density. We choose to compare the mean free path in these different phases at this density and the set neutrino energy E ν = πT . The findings presented in the table above indicates that the neutrino mean free path in the CFL phase for T ∼ 30 MeV is similar to that in unpaired quark matter. We find that the mean free path in the CFL phase remains comparable to that in unpaired quark matter down to T ∼ 15 MeV. The mean free path in the CFL phase increase rapidly for T < ∼ 10
MeV as discussed earlier.
We have shown that novel neutrino emitting processes such as π 0 decay to neutrinoanti neutrino pairs occur in the CFL phase. Charged current leptonic decay of mesons is also enhanced in the medium. Both of the above occur because in the rest frame of the meson moving relative to the medium the ground state breaks rotational invariance. With increasing temperature, this enhancement saturates because only low momentum mesons have a time like dispersion relation. At higher temperatures, reactions involving two particles in the initial state overcome this kinematic constraint and dominate the emissivity. In the neutron star context, the high temperature emissivity is unlikely to play and important role in neutron star dynamics because neutrinos are effectively trapped and are described by local thermal distributions. We will therefore restrict ourselves to T < ∼ 10 MeV to make the comparisons between the emissivity of the CFL phase with that of unpaired quark matter [22] . He finds the emissivity in unpaired quark matter due to beta decay of light quarks at n B = 5n 0 to beǫ qβ ∼ 2 × ×10 36 erg cm −3 s −1 at T = 5 MeV andǫ qβ ∼ 2 × 10 38 erg cm −3 s −1 at T = 10 MeV. This is to be compared with our finding thatǫ CF L ∼ 5 × 10 33 erg cm −3 s −1 at T = 5 MeV andǫ CF L ∼ 2 × 10 35 erg cm −3 s −1 at T = 10 MeV. The emissivity is therefore roughly three orders of magnitude smaller. At lower temperature, the emissivity in the CFL phase is exponentially suppressed by the factor exp (−m/T ), where m is the mass of the lightest meson due to the paucity of thermal mesons.
Our finding that the neutrino mean free path in the CFL phase are comparable to unpaired quark matter at T > ∼ 15 MeV but vastly different at T < ∼ 5 MeV might impact the temporal aspects of neutrino diffusion in a newly born neutron star. It is also likely that the the neutron star with a large CFL core will become transparent to neutrinos while still hot with T ∼ 5 − 10 MeV. This might affect the late time supernova neutrino emission.
In particular, we expect it to increase both the luminosity and the average energy of the emitted neutrinos. In order to gauge how the physics of high density neutron star core will impact observable aspects of early neutron star evolution the rates computed in this work need to be included in detailed numerical simulations of core collapse supernova. This is the only reliable means to bridge the gap between the exciting theoretical expectation of color superconductivity at high density and the observable aspects of core collapse supernovathe neutrino count rate, the neutrino spectrum and the explosion itself.
